of other asexual transmission methods, isolation, and characterization of the factors are imperative. Such investigations are in progress.
Although there have been numerous reports of chromosomal damage following treatment of cells with purine and pyrimidine analogues, little decisive evidence is available to demonstrate that these analogues are preferentially incorporated into the deoxyribonucleic acid (DNA) of the cells in question. ' Cytological changes observed in these experiments, therefore, may be secondary effects of these compounds on enzyme activities, incorporation into ribonucleic acid, or other alternatives, instead of direct chemical alterations of the DNA molecules.
The uniqueness of 5-bromouracil and 5-bromodeoxyuridine (BUDR) resides in the fact that they are analogues of thymine and thymidine respectively and are incorporated, with concomitant thymine replacement, into the DNA of bacteria,2-4 bacteriophages,5 and mammalian cells. 6' 7 According to Kit et al.,7 5 -bromodeoxyuridine is incorporated into cellular DNA but does not interfere with other metabolic processes. While Djordjevic and Szybalski6 were able to show that a partial substitution of BUDR for thymine in the DNA of mammalian cells leads to an increased radiosensitivity, they were unsuccessful in extending observations to' detectable changes at the chromosomal level.
In an attempt to study the effect of BUDR on murine cell populations in vitro, Hsu, Billen, and Levan' found a seemingly higher frequency of chromatid breaks in the treated series than the control cultures. However, a number of factors were attributed to the uncertainty of their results. The present investigations were designed to confirm their' findings with cytologically more favorable materials. Evidence is herewith presented for chromosomal changes following the incorporation of BUDR into cellular deoxyribonucleic acid.
Material and Method&-Several mammalian cell strains were used to test the effect of BUDR on chromosomes. These were strains L-P59,9 LMIO (both-sublines of strain L of the mouse), Lettre ascites tumor grown in vitro,"l and the Chinese hamster cell line B14FAF28."2
The McCoy 5a medium'3 supplemented with 10 or 20 per cent calf serum was used throughout the experiments. The techniques for routine cultivation and for cytological preparation were the same as described by Hsu and Kellogg.14 5-Bromodeoxyuridine was purchased from the California Biochemical Foundation. Three concentrations, 5, 10, and 25 Atg/ml, were used to treat the cells. With the exception of Strain L-M, all cell populations were treated with BUDR for not more than a week. Strain L-M, however, was treated continuously following a weekly subculturing schedule. In cases where cellular growth was poor, subculturing was postponed for a week, but fresh medium containing the same dose of BUDR was invariably replenished at weekly intervals.
Results.-Following the-treatment with BUDR, one of -the most striking appearances of chromosomes was the lengthening of centromeric regions and secondary constrictions. A good example can be found in strain L-P59 which contained a long subtelocentric chromosome known as 'the D chromosome. As has been described in detail previously,8' 9, 1 the long arm 'of'this chromosome possessed three secondary constrictions which separated the arm into four segments. The last constriction was usually very deep. Figure 1 represents an untreated cell of L-P59 in which the D chromosome is indicated by an arrow. It can be seen that the two constrictions in the middle piece are not as remarkable as the centromeric constriction and the last secondary constriction which separates the end piece and the middle piece. Cells treated with BUDR may show exaggerated constriction areas. The D chromosome in Figure 2 (arrow) appears' to be a string of beads as the result of the lengthening of the constrictions. In fact, all the metacentric elements in this figure have stretched centromeric regions.
A similar phenomenon was observed in other cell strains under the influence of BUDR treatment. Of special interest is strain B14FAF28 of the Chinese hamster. Most of the cells of this line were near diploid (22 or 23 chromosomes and a minute element), though tetraploid elements were not uncommon. The two largest chromosomes, pair No. 1, were submetacentric. Figure 5 represents a cell found in the control population with the two chromosomes No. 1 showing no sign of differentiation other than the centromeric constrictions. Occasionally, in some control cells a suggestion of a secondary constriction located at the long arm near the centromere can be detected. In the BUDR-treated series, on the other hand, deep constrictions were obvious in a large number of cells. Secondary constrictions can be readily seen in two of the four chromosomes No. 1 (open arrows) of the tetraploid cell shown in Figure 6 . In a number of cases, the secondary constrictions were as exaggerated as those shown in Figure 2 . Figure 7 chromatids; f, g, exaggerated secondary constriction on one, and breakage on the other chromatid; h, i, j, breakage on one chromatid; k, translocation involving chromosome 1 and the X, both at the secondary constrictions; l, translocation involving chromosome 1 and the X, the former at the secondary constriction and the latter at the telometre; m, translocation involving two chromosomes 1, both at the secondary constrictions.
types of chromatin. Sometimes, an entire chromosome may show differential coiling or differential degeneration as compared with other chromosomes in the same cell (Fig. 3) .
The most obvious chromosomal abnormality produced by BUDR tretre~nt was chromatid breakages which may or may not be translocated. Figure 4 shows an L-M cell with a number of chromatid breaks and two sets of segmental interchanges (translocations). It is of great interest to note that the chromatid breaks corresponded closely to the constriction regions. This can again be best demonstrated by chromosome No. 1 of the Chinese hamster. In Figure 6 , two of the chromosomes No. 1 had a segmental interchange (long arrows), both breaking at the secondary constrictions. The result of this translocation would be two fragments, two normal chromosomes, and a dicentric isochromosome. In Figure 7 , several additional cut-out photographs are included to illustrate chromatid breaks (7f-j) and translocations (7k-r), all occurring at this specific locus. In Figure 7k , the other chromosome involved in the exchange is the X chromosome which also broke at its secondary constriction. In Figure 71 , the terminal end of the X was involved. The interesting configuration shown in Figure 7m represents a translocation between the homologous chromosomes No. 1. Unlike the exchange shown in Figure 6 , however, the translocated segments in the present case happened to be the homologous parts, which would result in two normal chromosomes No. 1. It must be emphasized that breakages did not occur only at the secondary constriction. The ends of chromosomes (telomeres) appeared to be other vulnerable sites. In chromosome No. 1 of the Chinese hamster, at least eight places were found with breakages following BUDR treatment, diagrammatically represented in Figure 8 . Ag/ml, breakages occurred as early as 12 hours after treatment, and (2) the great majority (86%o) of the breakages was found at one spot, the secondary constriction.
It should also be added that in strain L the centromere and secondary constriction regions also appeared to break frequently.
A chronological study of the breakage frequency was made with cells of strain L-M. The cells were treated with medium containing BUDR at 5, 10, and 25 Ag/ml. They were analyzed cytologically every other day for two weeks, thereafter once a week. The L cells responded to BUDR more slowly than cells from the Chinese hamster Breakages began to be abundant four or five days after here were the results of, or at least were closely related to, BUDR incorporation. It remains a question, however, whether or not the former was necessarily a preliminary step of the latter. Perhaps with a large amount of thymidine replaced by BUDR, the physical properties of the chromosomes became so changed that the spiralization cycle could not be performed regularly. From his physicochemical data, Szybalski'8 found that incorporation of BUDR results in single-strand breaks in the DNA molecule and postulates that these points should manifest themselves as chromosome breakages upon subsequent replication.
Incorporation of BUDR induces instability of genes.'9 In discussing the nature of a highly mutable gene in maize, Schwartz20 proposed that gene unstabilization could occur through a shift in base pairing from adenine-thymine (A-T) to guaninecytosine (G-C). The transition was mediated by illegitimate base pairings, A-C and G-T. It is possible that an analogue such as BUDR, incorporated into the DNA molecule, might initiate unstabilization via similar mechanisms. Reduction of the breakage frequency in the populations after prolonged BUDR treatment, coupled with the recovery of growth capacity, may be due to any one of many possibilities, among which are the shift of base pairing and other mutational events.
It may be significant to correlate the findings of Yerganian and associates21' 22 who witnessed specific chromosome breaks under the influence of an alkylating agent, triethylene melamine (TEM), and the claim by Szybalski23 that TEM modifies pyrimidine deoxynucleosides which may become mutagenic. Thus, the ultimate mechanisms of inducing chromosome breakages by these two seemingly unrelated compounds may be the same.
Presumably, replacement of thymine by BUDR should not be confined to limited areas. Thus, mutations and chromosome breaks as expressions of DNA instability should not be localized also. The frequency of gene mutation could not be tested with the present material; but the frequency of breakages was found to be distributed unevenly along the chromosomes. One of the possibilities is that some regions, e.g.,,constrictions and telomeres, may contain DNA with relatively high adeninethymine ratio, so that incorporation of the thymine analogue was most rapid and most complete in these regions. The interesting question posed by Zamenhof and Griboff24-' 'Do all deoxyribonucleic acid molecules have some of their thymine replaced by 5-bromouracil or do some of the deoxyribonucleic acid molecules (perhaps genetically inactive) have all their thymine replaced by 5-bromouracil?"-seems to find a suggestive answer from our cytological data. The regions where high frequency of breaks were found correspond to what is conventionally known as heterochromatin, which is considered genetically inactive. If this is so, the difference between euchromatin and heterochromatin might be due to the difference in DNA composition, i.e., the latter has a higher adenine-thymine ratio than-the former. It appears, at least at the present time, that chromosomal analysis, using the incorporation of analogues such as BUDR, may be advantageous to correlate genetic, physico-chemtcal as well as cytological findings. 
